Introduction {#s0005}
============

SARS-CoV-2, the agent of COVID-19, shares a lineage with SARS-CoV-1 disease (SARS), and a common fatal pulmonary profile but with striking differences in presentation, clinical course, and response to treatment [@b0005], [@b0010], [@b0015], [@b0020]. In contrast to SARS, COVID-19 has presented as an often bi-phasic, multi-organ pathology, with a proclivity for severe disease in the elderly and those with hypertension, diabetes and cardiovascular disease. Whilst death is almost universally related to respiratory collapse with multiple systems revealed to be failing at autopsy, the co-morbidity of chronic pulmonary disease is surprisingly relatively underrepresented in the group with severe COVID-19 [@b0020]. COVID-19 has not responded consistently to immunosuppressive therapy, antimicrobial agents or invasive ventilation [@b0025]. There is evolving evidence for a mechanism of lung injury that is not always typical of Acute Respiratory Distress Syndrome (ARDS) [@b0010]. There is a need to revise the disease model for COVID-19 away from historical pulmonary-centric septic disease states typically characterised by lymphopaenia and cytokine storm with secondary bacterial sepsis. The diagnosis, assessment and management of COVID-19 cannot be based entirely on previous SARS, MERS or Influenza pandemics. Our disease hypothesis suggests a revision of our use of diagnostic tools (to better capture atypical disease presentations) and consider early treatment and/or prevention of microvascular thrombosis and constriction in identified groups at high risk of severe or fatal disease. Our hypothesis provides a mechanism of pulmonary insult, that warrants revision of indications for invasive ventilation particularly in view of poor outcomes [@b0005], [@b0030], with higher mortality for invasively ventilated patients than that recorded in SARS [@b0005], [@b0020], [@b0030].

A multi-system disease {#s0010}
======================

Whilst the respiratory system is almost universally involved in clinical presentation and dominates current therapy in COVID-19, those with more severe disease have been observed to have comorbidities in the vascular, renal, and cardiovascular systems [@b0035], [@b0040]. Gastrointestinal (GI) symptoms are common and often reported earlier in disease. This observation would support a primary respiratory or GI point of viral infection, with the clinical impact of viral infection focussed initially in the lungs, with ongoing infection and severe disease involving the vascular, renal and cardiac systems. This might suggest that COVID-19 is a multi-organ pathology related to viral infection with SARS-CoV-2 [@b0035], [@b0040], [@b0045].

A subgroup of people with severe and critical COVID-19 have demonstrated a profile of deterioration and mortality consistent with overwhelming viral sepsis with cytokine storm and ARDS. This is not a typical profile of COVID-19. This group may be considered for additional immune-targeted disease therapy and may be identified by clinical features including unabating fever, ARDS, cytopenias, and biochemical markers of escalating inflammation, including interleukin-6 (IL-6) and ferritin, as suggested by data gathered in Wuhan [@b0050].

A new disease hypothesis {#s0015}
========================

Appreciating the clear differences between SARS and COVID-19 in presentation, poor prognostic indicators related to individuals' co-morbid status, and biochemical and radiologic profiles, a novel disease model may assist in: 1) the early recognition of atypical (non-respiratory) presentations of disease; 2) early prophylactic treatment intervention for individuals at risk of severe and critical disease which could take place in the community; 3) revised management of pulmonary complications including those related to prone posturing and ventilation protocols; 4) allowing better utilisation of data collated at a global level in the absence of an evidence-based disease model at this time; 5) identification of different markers of disease progression in at-risk individuals.

The hypothesis of COVID-19 as a viral functional angiotensin-converting-enzyme 2 (ACE2) deficiency disorder, with ACE2 related multi-organ cell loss, comes some way to addressing this need. This model is supported by global data and observations, including that gathered phenotypically, biochemically, radiologically, and at autopsy. It evolved from the early observation of hypoxic pulmonary insult occurring without reduction in pulmonary compliance and often in the absence of fever. This is not consistent with ARDS, documented in historical pulmonary septic disease states with cytokine storm complicated by hypoxia. A pulmonary vascular pathology was sought in parallel with a possible disruption of surfactant function. Thrombosis and vasoconstriction were implied, with the former supported by consistent, but not specific radiologic findings of ground glass change. Thrombosis has now been confirmed in late disease and at autopsy [@b0055]. The commonality of an aberrant renin angiotensin system (RAS), was identified in the group at risk of severe disease, rather than the presence of underlying lung disease. The biochemical markers in early disease suggested coagulation, renal, cardiac, and respiratory pathology in evolution. With the identification of ACE2 as the receptor for SARS-CoV-2 entry, the role of and distribution of ACE2 in the human body was investigated. The hypothesis evolved, providing an explanation for pathophysiologic commonality in the at-risk group in COVID-19, a mechanism for hypoxic pulmonary pathology and the unexpected degree of lung injury consequent to ventilation as well as vascular, renal and cardiac complications. It also predicts that presentation may be atypical and that long term sequelae related to endothelial, renal, pulmonary and cardiac involvement may occur. The hypothesis also predicts a cytokine profile driven by ACE2 deficiency in the RAS, rather than viral-related immune modulation. The immunologic effects of the RAS are well documented [@b0060], favouring IL-6 production and affecting CD4+ and CD8+ cell populations.

Angiotensin-converting-enzyme 2 {#s0020}
===============================

ACE2 is a membrane-associated aminopeptidase expressed in the endothelium, renal and cardiovascular tissue, and epithelia of the small intestine and testes [@b0065]. ACE2 is also expressed in the lung, kidney, and GI tract according to PCR analysis -- tissues shown to harbor SARS-CoV-1 [@b0065], [@b0070]. The entry receptor utilized by SARS-CoV-2 in COVID-19 is ACE2, and the enzyme utilized for S protein priming is transmembrane protease serine 2 (TMPRSS2) [@b0075] or the controversial poly-basic furin cleavage site.

We propose that COVID-19 is a multiorgan pathology with dominant morbidity related to respiratory insult that is compounded by a more generalised disease driver that leads to a poorer prognosis and higher mortality in an identified at-risk group. We propose that the disease driver is relative ACE2 deficiency related to viral destruction of ACE2 expressing tissues, with more severe disease manifesting in a cohort with abnormality in the RAS favouring the angiotensin-converting-enzyme (ACE) arm. This is supported by the observed frequency of hypertension, cardiovascular disease and diabetes as co-morbidities in the group with severe and fatal disease [@b0080], [@b0085]. These disease entities have been well studied, with documentation of RAS abnormality characterised by increased ACE and angiotensin II (ATII) levels ([Fig. 1](#f0005){ref-type="fig"} ). We hypothesise that in these conditions, there is a greater dependence on ACE2 to abrogate the effects of ATII and increase angiotensin (1--7) (AT(1--7)). An upregulation of ACE2 expressing cells related to chronic ATII elevation [@b0090] or treatment with ACE-inhibitors [@b0095], may increase the infective potential of SARS-CoV-2 in this group as a consequence of the duality of ACE2 functioning as both a receptor for viral entry to cells and as an enzyme. With infection related cell damage and loss, enzymatic ACE2 activity would be globally compromised. Organ specific loss of ACE2 expressing cells (endothelial, alveolus in lungs, proximal tubule and glomerulus in kidneys, pericytes in heart) is likely to also contribute to the pathophysiology of COVID-19.Fig. 1Effects of SARS-CoV-2 related reduction in ACE2 expression in aberrant RAS disease states, increasing ATII effects and reducing AT(1--7) effects.

Angiotensin II and angiotensin (1--7) activity {#s0025}
==============================================

These conditions are by no means the only ones that may confer escalated risk of severe or critical disease. We suggest that the pathogenesis is mediated by enhanced and protracted tissue, and vessel exposure to ATII, characterised by vasoconstriction, enhanced thrombosis, cell proliferation and recruitment, increased tissue permeability, and cytokine production (including IL-6) resulting in inflammation. A recent study noted serum levels of ATII were elevated in COVID-19 patients and correlated with viral load and lung injury [@b0100]. ATII is generated by both ACE and non-ACE pathways, but is the dominant substrate for ACE2, being converted to AT(1--7) [@b0105], a vasodilator with anti-inflammatory, anti-thrombotic, antiproliferative, antifibrotic, anti-arrhythmic, and antioxidant activity [@b0060], [@b0110]. The viral destruction of ACE2 expressing cells may lead to the profound loss of the "protective" AT(1--7) effects in an environment of ATII effect dominance ([Fig. 1](#f0005){ref-type="fig"}).

Enhanced thrombosis may occur via several ATII driven pathways, including increased thrombin [@b0115], procoagulant endothelial cell activity via bradykinin [@b0120], [@b0125], immune effects via T cells (CD4+, CD8+) [@b0060], [@b0130], platelet aggregation [@b0135], and reduced fibrinolysis via bradykinin and endothelin. The prothrombotic effects of ATII appear to extend to the microvasculature in murine models [@b0115]. Platelet aggregation and endothelial damage in the septic setting may contribute further to thrombosis.

Respiratory involvement {#s0030}
=======================

We hypothesise that ACE2 expressing cells are rapidly infected by SARS-CoV-2. Initially, this is by ingestion and/or aspiration. Early respiratory symptomatology is consistent with previously described SARS-CoV-1 infection via ACE2 receptors in the ciliated respiratory epithelial cells, with apical release of replicated virus [@b0140] rapidly infecting the downstream ACE2 expressing cells -- including type 2 alveolar cells. As opposed to SARS-CoV-1 infection, significant hypoxia in COVID-19 is not accompanied in early disease by a reduction in pulmonary compliance [@b0030], [@b0145]. This suggests possible microvascular thrombotic disease and/or inappropriate vasoconstriction of the pulmonary vascular bed. In the absence of early lung biopsy, evidence is lacking. Early thrombosis, however, is supported in the context of hypoxia by D-dimer elevation and ground glass change on CT scans. Fat embolism has a similar radiologic appearance, supporting early thrombosis over hypoxia related vasoconstriction alone. The preservation of lung compliance, early in disease, is not consistent with diffuse alveolar damage (DAD), or ARDS contributing to the hypoxic insult.

Advancing microvascular thrombosis may be supported again by the observation at autopsy of marked right ventricular dilatation reflecting elevated pulmonary vascular pressure [@b0055]. This occurred in the absence of detectable left ventricular pathology. As disease progresses, more drivers of coagulation are likely to be recruited and disseminated intravascular coagulation (DIC) may ensue. Autopsy findings of pulmonary small vessel thrombosis was reported by Fox and colleagues [@b0055]. Tang and colleagues reported that abnormal coagulation parameters, particularly D-dimer and fibrin degradation products (FDPs), were associated with poor prognosis in COVID-19 [@b0150]. An association with anticoagulation and improved survival after adjustment for ventilation was noted in a large United States cohort [@b0155].

Possible ATII driven thrombosis and vasoconstriction are likely to be compounded by alveolar damage via the viral loss of ACE2-rich type 2 alveolar cells. These cells in health are tasked with surfactant production, maintenance of alveolar homeostasis, and transdifferentiation into type 1 alveolar cells, which comprise 90% of the lining of the alveolus. The demise of these cells is likely to lead to hypoxia via surfactant loss, alveolar flooding, and apoptosis of type 1 alveolar cells without replacement via transdifferentiation from type 2 alveolar cells ([Fig. 2](#f0010){ref-type="fig"} ).Fig. 2COVID-19 Pulmonary damage model demonstrating effects of loss of ACE2 expressing cells (ciliated respiratory epithelial cells and type 2 alveolar cells), and vascular effects of ACE2 deficiency with endothelial injury, vasoconstriction, thrombosis, and interstitial oedema.

Our hypothesis suggests that as disease progresses, the destruction of alveoli leads to DAD, rather than ARDS. The destruction of alveoli is evident at autopsy, with DAD [@b0055] and radiologic appearances consistent with DAD are documented in advanced disease [@b0030], [@b0160].

Our hypothesis supports a possible mechanism for disappointing outcomes in ventilated patients, particularly related to those requiring or receiving high positive end expiratory pressure (PEEP) and the observed autopsy findings [@b0030], [@b0055], [@b0165]. The advantage of prone posturing and PEEP application is well documented in ARDS [@b0170]. Advantage in ARDS was felt to be largely related to the distribution of oedema, where the mass of the diseased lung may be increased to 300% of the normal [@b0175]. In normal subjects, prone posturing improved alveolar ventilation, however, the addition of 10cmH2O PEEP in ventilated patients reduced ventilation/perfusion matching via perfusion changes in dependent lung [@b0180]. It is possible that prior to the evolution of pulmonary oedema in COVID-19 (when lung compliance is near normal), escalating PEEP in response to deteriorating hypoxia may be self-defeating. In addition to this, our disease model identifies that the at-risk group characteristic of aberrant RAS status favouring ACE activity may be more susceptible to volume induced lung injury related to PEEP. Decreased ACE2 activity with increased ACE activity contributed to lung injury [@b0035] in in vitro studies of cyclical stretch of human lung epithelial cells and to volume induced lung injury in animal models [@b0030], [@b0165].

Viraemic spread {#s0035}
===============

Viral spread to the vascular system may occur via pulmonary capillaries given the intimacy of the pulmonary capillary bed to the infected alveoli. We postulate the viraemia to lead to vascular, renal and myocardial infection at this time, supported in a remote manner by the somewhat unpredictable timing of fever, and the reports of biphasic clinical decline that involves shortness of breath, hypoxia (PaO2/FiO2 \< 300 mmHg), transaminitis, low-normal procalcitonin, and abnormal chest imaging ([Fig. 3](#f0015){ref-type="fig"} ) [@b0160].Fig. 3The progressive phase model of COVID-19 with the addition of anticoagulation to prevent and treat microthrombotic disease, as advanced by the authors of the current paper. Modified and redrawn from [@b0160].

Renal involvement {#s0040}
=================

In hypertension and renal disease, particularly diabetic nephropathy, an aberrant RAS is well documented, with a bias to higher ACE/ACE2 in renal biopsy [@b0185], [@b0190], [@b0195]. We suggest that ACE2 deficiency leads to increased and unabating ATII activity resulting in vasoconstriction, water and sodium retention, cell proliferation, thrombosis, inflammation, oxidative stress, and fibrosis. In addition to the damaging effects of ATII, the deficiency in ACE2 leads to a reduction in AT(1--7), with loss of its vasodilatory, diuretic, antiproliferative, antioxidant, and antithrombotic effects (via bradykinin) [@b0110]. In the acute setting, renal injury is likely due initially to the sustained effects of ATII, including vasoconstriction that favours the efferent over afferent vessels, resulting in increased glomerular pressures, water and sodium retention, albuminuria, and possible microvascular thrombosis ([Fig. 4](#f0020){ref-type="fig"} ). This is supported by documentation of albuminuria and elevated creatine kinase [@b0080], [@b0200]. The physical loss of ACE2 expressing glomerular cells may further add to the renal insult.Fig. 4Renal effects of ACE2 deficiency in an ACE/ACE2 biased renin-angiotensin system as a mechanism for glomerular dysfunction, thrombosis, and fibrosis.

As disease progresses, a more diffuse renal impairment develops with the absence of overt septic inflammation in autopsy specimens [@b0190]. An abnormal renal ACE/ACE2 ratio is also seen in diabetics without established nephropathy, IgA nephropathy, and subtotal nephrectomy [@b0185]. This group of patients may well carry higher risk for COVID-19 renal disease. The hypothesis also predicts that renal scarring is likely to occur in survivors particularly related to vessel and glomerular damage.

Cardiac pathology {#s0045}
=================

Myocardial damage is suggested by the elevation in hypersensitive troponin I (TnI) and dysrhythmia in a small series (7.2% and 16.7%, respectively) [@b0080]. With the disease model proposed here, elevated ATII activity with suboptimal AT(1--7) activity may lead in the predisposed heart to microvascular thrombosis, vasoconstriction related hypoxia, and cell/fibroblast proliferation, with both acute and intermediate term sequelae of progressive heart failure, and adverse remodelling and fibrosis ([Fig. 5](#f0025){ref-type="fig"} ). Right ventricular dysfunction is likely to reflect the pulmonary vascular burden of thrombosis and vasoconstriction.Fig. 5Cardiac effects of ACE2 deficiency in an ACE/ACE2 biased renin-angiotensin system as a mechanism for thrombosis, adverse remodelling, and fibrosis.

ACE2 is expressed by cardiac myocytes, fibroblasts, and endothelial cells. ACE2 expression is increased in human heart failure and may reflect a predisposition to cardiac disease susceptibility in the context of COVID-19 [@b0205], [@b0210]. Chen and colleagues identified that the pericyte, with very high ACE2 expression, may be the entry point for myocardial infection [@b0205]. In the autopsy series from New Orleans, Fox and colleagues acknowledged that the finding of scattered individual myocyte necrosis without evidence of viral myocarditis would be consistent with microvascular dysfunction related to pericyte infection [@b0055], as hypothesized by Chen and colleagues [@b0205]. Chen's findings are consistent with our belief that cardiac infection follows viraemia, with a delayed declaration of pathological involvement. All subjects had gross right ventricular dilatation. None of the 4 autopsy subjects had known cardiac disease.

More recently, Peng and colleagues described echocardiographic features of severe COVID-19 [@b0215]. This included left ventricular segmental contraction abnormalities (Takotsubo cardiomyopathy), right ventricular dilatation and systolic dysfunction, and, finally, global systolic and diastolic heart failure. These findings are not inconsistent with cardiac microvascular dysfunction and ischaemia with, as described previously, the right ventricular failure reflecting the pulmonary vascular burden of thrombosis and vasoconstriction.

TnI elevation and echocardiographic assessment remain useful tools for assessing disease progression or prognosis, particularly in subjects with existing cardiac failure [@b0050], [@b0215], [@b0220], [@b0225]. The hypothesis predicts adverse remodelling of the myocardium as a consequence of microvascular cardiac disease.

Discussion {#s0050}
==========

Our hypothesis supports the revision of use of diagnostic tools with reference to the possibility of atypical (non-respiratory) disease presentations. Tissues with high ACE2 expression may be targeted for sampling in early or protracted infection to minimise community spread and false negative results. Faecal or urine PCR testing for viral infection may be reconsidered if respiratory sampling is unhelpful.

We propose that identified high risk groups be considered for early treatment or prevention of microvascular thrombosis and constriction, given the likelihood of progression to multisystem failure and the possibility of vascular, pulmonary, myocardial, and renal scarring sequelae in survivors [@b0220], [@b0225]. We suggest consideration of low molecular weight heparin (LMWH) or unfractionated heparin as these agents are likely to have both adequate anti-coagulant and additional anti-inflammatory effects (via reduction in IL-6). In a recent retrospective analysis of LMWH anticoagulation, Shi and colleagues reported a reduction in levels of D-dimer, FDPs, and IL-6, with an improvement in lymphocyte percentages when compared to a control group [@b0230].

Sildenafil, with a number of studies in progress, may be considered as a vasodilator for efficacy of administration and cost in parallel with long term safety data and well-defined recommendations for monitoring of side effects. Sildenafil may also have positive effects on cilial function in COVID-19 [@b0235].

Reconsideration of parameters for invasive ventilation and multitargeted therapy may be in order given poor outcomes [@b0005], [@b0030], with higher mortality for invasively ventilated patients than that recorded in SARS [@b0005], [@b0020], [@b0030], and the possible alternative mechanism of pulmonary insult proposed -- thrombosis, vasoconstriction, surfactant loss, and alveolar destruction via viral loss of type 2 alveolar cells. PEEP \< 10cmH2O with prone posturing and supplemental oxygen should be considered in patients requiring respiratory support in the absence of ARDS.

With respect to individuals with only mild or moderate disease, we propose that future treatment study protocols consider prophylactic level anticoagulation in at-risk individuals with a low threshold for escalation to full anticoagulation and vasodilation if disease progression is supported by measures of clinical state (particularly hypoxia), and well documented pathology parameters (including D-dimer, FDPs, CRP, neutrophil, lymphocyte and platelet levels, TnI, and liver and renal function profiles, including albuminuria and IL-6).

Prevention of thrombosis may be commenced in the community in symptomatic infected patients and at-risk populations with mild disease or positive exposure, given their increased risk of venous thromboembolism and the widespread safety data for LMWH and heparin use to establish efficacy. Whilst thrombosis may not be universal, the intervention is low risk and may abrogate one of the irreversible elements of this disease. In areas with high disease prevalence, prophylactic-level anti-coagulation could be administered and monitored by local medical officers in the outpatient setting and in residential care facilities.

Emerging results of single-target therapies will necessarily impact on the evolution of disease models like ours, with autopsy data unfortunately offering our best evidence for end stage disease description, but little guidance for early therapeutic options.

Conclusion {#s0055}
==========

In conclusion, we present a COVID-19 disease hypothesis with the intention of stimulating discussion and further research on diagnostic and therapeutic intervention protocols, particularly with respect to early anticoagulation, vasodilatation and revision of ventilatory support choices. This may benefit a large group of people who are at risk of manifesting significant pulmonary complications of both disease and treatment and multisystem disease sequelae.
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